Summary.-The S-phase-specific cytotoxicity of hydroxyurea (HU) was tested on synchronized murine fibrosarcoma (FSa) 
therapeutic drugs in vivo.
MANY OF THE DRUGS in current use or in development for human cancer chemotherapy exhibit phase-specific cytotoxicity. In the characterization of these drugs, testing of cell-stage responses is normally carried out with cells grown and synchronized in vitro. While precise information can be obtained from these studies, they do not simulate the complex conditions existing in vivo, which may greatly affect drug action. It would be advantageous, therefore, to be able to measure drug action on synchronized target cells in the living animal.
Centrifugal elutriation has been demonstrated to be an effective and rapid method for the high-resolution bulk separation of viable mammalian cells (Meistrich et al., 1977a) . Since separation is based on differences in cell size, this method is effective for synchronizing cells. In this way, populations of tumour cells, derived either from cultures or directly from dissociated solid tumours, have been successfully synchronized , 1978a : Meistrich et al., 1977b Suzuki et al., 1977) .
Hydroxyurea (HU) is a well studied phase-specific cytotoxic agent that preferentially kills S-phase cells (Bachetti & Whitmore, 1969; Kim et al., 1967; Sinclair, 1967) . Its effectiveness has also been extensively demonstrated in vivo (MadocJones & Mauro, 1970; Rajewsky, 1970; Stearns et al., 1963) .
In this communication we describe the phase-specific cytotoxicity effect of hydroxyurea on synchronized murine fibrosarcoma cells arrested in the lungs of C3Hf/Bu mice after i.v. injection. The tumour cells were separated and synchronized by centrifugal elutriation and characterized with respect to cell-stage distribution by flow microfluorometry (FMF).
MATERIALS AND METHODS
Mice and tumour.-Female C3Hf/Bu mice, 10-12 weeks old, from our specific-pathogenfree breeding colony, and a methylcholanthrene-induced fibrosarcoma (FSa) were used in this study (Suit & Suchato, 1967 ).
Tumour-cell suspension.-Source material was obtained from 6th-generation isotransplants of tumours stored in liquid N2. Singlecell suspensions were prepared by mincing and trypsinization, by a method described in detail elsewhere (Grdina et al., 1975) . Cell viability was determined by phase-contrast microscopy and was found to be routinely >95%. To prepare tumour cells for centrifugal elutriation, 1-5x 107 were seeded into each of 20 32-oz glass culture bottles, and incubated at 37°C in a water-saturated atmosphere of 5% CO2 and air (Grdina et al., 1978a) . A modified McCoy's 5A growth medium supplemented with 20% foetal calf serum was used (Humphrey et al., 1970) . After 24 h incubation, the supernatant containing floating cells was discarded and 20 ml of fresh medium was added to each culture bottle. The attached cells were incubated for an additional 24 h.
Pulse labelling.-To monitor the effectiveness of centrifugal elutriation in separating DNA-synthesizing cells from an asynchronous population, 10 ,Ci of 3H-thymidine (1.9
Ci/mmol; Schwarz/Mann, Orangeburg, N. J.)
were added to one of the culture bottles.
After 10 min incubation at 37°C, the uptake (Grdina et al., 1978a; Meistrich et al., 1977a (Shortman, 1973) . With a rotor speed of 1525 rev/min, between 2x 108 and 3x 108 cells, suspended in 20 ml of medium, were introduced into the elutriator chamber at a flow rate of 5-4 ml/min. Throughout the separation the rotor speed was constant and the flow rates were varied by equal increments from 5-4 to 27-4 ml/min. Twelve fractions (f) were collected. With the exception of fl (70 ml), all fractions contained 50 ml. Control cell suspensions which were not separated were kept in ice during the elutriator run.
Cell counting and volume analysis.-Cell counts were made using a haemocytometer and/or a Coulter counter (Model ZBI;
Coulter Electronics, Hialeah, FL) fitted with a 70,um-diam aperture. The volume distribution of cells was determined with a Coulter counter and a multichannel analyser (Channelyzer II; Coulter Electronics) and XY recorder. The modal cell volume was designated as the volume corresponding to the modal channel number of the volume distribution of each sample (Grdina et al., 1978a ).
Flow microfluorometry.-A flow microfluorometer with a laser wave-length setting of 457 ,um was used to measure the DNA content of individual cells in suspension (Steinkamp et al., 1973) . Cells were stained with mithramycin (Grdina et al., 1978a) . The resultant histograms of DNA fluorescence were computer analysed (Johnston et al., 1978) .
Lung colony assay.-The colony-forming efficiency (CFE) of FSa cells was determined by a lung colony assay (Hill & Bush, 1969) . To maximize CFE, recipient mice, with their hind legs shielded, were whole-body irradiated with 1000 rad (Grdina et al., 1978b DNA histograms illustrating the effectiveness of centrifugal elutriation in synchronizing tumour cells are presented in Fig. 2 . The percentages of G1, 5, and G2+M, and the coefficients of variation (CV) of the G1 fluorescence peaks, as calculated from these histograms, are contained in the lung-colony number was found in any of the elutriated control groups (see Fig. 3 ). FSa cells with modal volumes less than 800 ,um3 are known to be relatively deficient in clonogenic ability (Grdina et al., 1978b since these cells are eliminated by the short-term culture conditions (Grdina et al., 1978b) . The cell-killing effect of HU was tested in vivo on an unseparated control (USC) population and synchronized elutriated FSa populations lodged in the lungs of test animals. USC colony number was reduced by 35% after HU, agreeing well with the 33% S-phase cells determined by FMF analysis (see Table) . With the exception of f2 cells, which were relatively small, i.e. with a modal volume of only 580 jUm3, no appreciable difference in degree in all but the groups of n with f2 and f3 cells. These each contained 9000 G1 cells. mum reduction of lung colon in mice injected with f 8, the found to contain the largest p S-phase cells (see Fig. 2 ). Percentages of surviving with the percentage of cells in phases of the cell cycle for elutriated fractions tested, are and presented in Fig. 4 characterized and documented (Bacchetti & Whitmore., 1969; Pfeiffer & Tolmach, 1967; Sinclair, 1967) . It has also been used effectively in vivo to determine the propora fast and tion of clonogenic cells in S phase in solid zing tumour tumours, and has been suggested as more 3 of cells can effective for this type of determination ,ize, without than even suicide-labelling with [3H]-synchrony TdR (Rockwell et al., 1976 Fig. 4 ). These data are also in good agreement with data generated from studies performed in vitro on Chinese hamster ovary cells synchronized by centrifugal elutriation (Meyn et al., unpublished) .
Finally, while HU was administered 20 min after tumour-cell injection in these experiments the timing of drug administration could be adjusted to accommodate drugs requiring bioactivation in vivo. The requirement of the assay is simply that the synchronized tumour cells arrested in the lungs be exposed to the active cytotoxic agent before synchrony is lost due to cell progression.
We have described the effect of an S-phase-specific cytotoxic agent in vivo on populations of synchronized tumour cells lodged in the lungs of test animals. Previous studies involving the characterization of chemotherapeutic agents for the treatment of malignant diseases have been limited to either in vitro or complex and heterogeneous in vivo systems. Using the method characterized with HU and described here, it is possible to study and evaluate in a relatively short time the effectiveness of chemotherapeutic agents in vivo against not only G1, S, and/or G2 populations of tumour cells, but also against selected normal cell populations in the tumour-bearing animals, such as marrow. In this manner, drugs can be characterized in vivo with respect to their phase specificity (or lack of it) in cell killing and in toxicity to the host animal.
